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The questions about the origin and type of cosmic particles are not only fascinating for scientists
in astrophysics, but also for young enthusiastic high school students. To familiarize them with
research in astroparticle physics, the Pierre Auger Collaboration agreed to make 1% of its data
publicly available. The Pierre Auger Observatory investigates cosmic rays at the highest energies
and consists of more than 1600 water Cherenkov detectors, located near Malargüe, Argentina.
With publicly available data from the experiment, students can perform their own hands-on anal-
ysis. In the framework of a so-called Astroparticle Masterclass organized alongside the context
of the German outreach network Netzwerk Teilchenwelt, students get a valuable insight into cos-
mic ray physics and scientific research concepts. We present the project and experiences with
students.
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Astroparticle Masterclass Maria Krause
1. Introduction
The project Netzwerk Teilchenwelt [1] is a network of communication specialists, science edu-
cators, scientists, and researchers. It consists of 24 German research institutes in particle and
astroparticle physics with the aim of enabling students to authentically experience modern physics
research and to interact with more than 100 researchers. High school students from 15 to 19
years old have the opportunity to be a scientist for one day during which they perform their own
measurements and analyses of astroparticle physics data.
Within the framework of this project the Astroparticle Masterclasses are developed as an edu-
cational project with the primary goal of bringing experimental data and research methods into the
classroom. High school students get the chance to explore the fascinating world of astroparticle
physics, combined with the experience of how scientists investigate nature. Researchers and scien-
tists are invited to spend a day at a participating school. There, students and teachers get acquainted
with methods and questions of current scientific research. The highlight of this day is the perfor-
mance of measurements on real data from astroparticle physics experiments. The project is based
on the public dataset from the Pierre Auger Observatory [2, 3, 4].
The following sections will cover a short and basic introduction to the physics of extensive air
showers (§2), which are detected at the Pierre Auger Observatory (§3). This will be followed by
discussing feedback with participants on improvements that can be made for future events (§4 and
5).
2. Physics of Extensive Air Showers
If a high-energy particle such as a proton or iron nucleus hits the top of the atmosphere, it in-
teracts with the nucleus of an atom in the air. This primary interaction produces a jet of secondary
particles which then results in successive interactions due to a chain reaction of particles. This phe-
nomenon is called an extensive air shower (EAS) [5], and is schematically illustrated in Figure 1.
The development of each air shower stops when the energy of the produced particle is too small to
produce secondary particles. A shower front is formed by millions of secondary particles, which
spread out at nearly the speed of light, and is a few meters thick at the center. A fraction of the
secondary particles in the EAS propagates down to the ground and penetrates the surface detectors
of the Pierre Auger Observatory. Due to the large amount of particles in the EAS, the sample of
particles measured on the ground is a good representation of the air shower.
3. Pierre Auger Observatory
The Pierre Auger Observatory is located on the Pampa Amarilla outside the city of Malargüe
in Argentina at an elevation of about 1400 m above sea level. This ultra-high energy cosmic-ray
experiment addresses several unresolved questions about the spectrum, origin, composition, and
interactions of cosmic particles possessing energies up to 1020 eV. Several important discoveries
in this research field have been already made [2, 7, and references therein].
The layout of the observatory is shown in the left panel of Figure 2. The observatory applies
two detection techniques. For the purpose of the Astroparticle Masterclass only data from the
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Figure 1: Sketch of the longitudinal development of an extensive air shower induced by a primary particle.
The shower includes the hadronic, muonic, and electromagnetic component as well as neutrinos (adapted
from [6]).
surface detector stations are used. There are 1660 water-Cherenkov particle detector stations which
together comprise the surface detector covering an area of about 3000 km2. A water-Cherenkov
detector (right-hand plot of Figure 2) is 1.20 m high and optically opaque. It is covered by plastic
material and filled with high-purity water. A charged particle emits Cherenkov photons when
penetrating through the water if its velocity v is higher than the speed of light in this medium:
v
c >
1
n , where c is the velocity of light in vacuum and n is the refractive index of the medium. Thus,
the charged secondary particles of an extensive air shower, which travel with a velocity close to
the speed of light, generate a light signal in water. Three photomultiplier tubes are mounted on
the surface of the detectors. The Pierre Auger Collaboration uses a measurement unit named VEM
(Vertical Equivalent Muon) to quantify the signal measured in each station. This means that the
signal from a shower particle piercing the station is expressed in multiples of the intensity of the
signal left by a single muon striking the station vertically. The measured signal is proportional to
the total energy of the particles which entered the detector, which is thus proportional to the number
of particles. The higher the energy of the primary particle, the more particles reach the detector.
This information is essential to understand the masterclass activities. Using the measured particle
density, the location of the shower axis on the ground can be evaluated.
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Figure 2: Left: The Pierre Auger Observatory [8]. Every white dot represents one surface detector. The
white lines show the field of view of the fluorescence detectors. Right: Components of a surface detector
station of the Pierre Auger Observatory (adapted from [2]).
4. Description of the activity
The purpose of the Astroparticle Masterclass is that each student reconstructs an event mea-
sured by the Pierre Auger Observatory [9, 10]. The activity has been designed to be inexpensive
and easy reproducible with little prior knowledge. The derivation of the properties of air showers
will be done with a common spreadsheet program. The project is divided into three main parts.
First, the impact point of the shower core will be reconstructed. Then, the arrival direction of the
shower will be evaluated, and lastly, the lateral distribution of the air shower will be analyzed.
The Pierre Auger Collaboration released today about 40000 events on public webpages [3, 4].
These events cover an energy range between 0.1 EeV1 and 49.7 EeV. Table 1 shows a data set of
one event (ID: 03330400) which can be obtained from these web pages. The impact point can be
directly reconstructed by calculating the center of mass of the detectors, with weight given by the
signal using equations:
Xcenter-of-mass =
∑Ni=1 Xi ·Si
∑Ni=1 Si
(4.1)
Ycenter-of-mass =
∑Ni=1Yi ·Si
∑Ni=1 Si
(4.2)
where the variables Xi and Yi denote the positions of the stations on the ground in UTM coordinates
and Si is the measured signal. The result of the calculation for the example event shown in Table 1
is Xcenter-of-mass ≈ 468848 m and Ycenter-of-mass ≈ 6087798 m, which is marked as a shaded circle in
the left-hand plot of Figure 3.
The direction of the shower is determined by two angles, the azimuth angle φ and the zenith
angle θ . While the former illustrates the direction in the XY-plane, the latter indicates the inclina-
tion of the EAS. The student is guided to cut wooden dowels (e.g. supermarket shish kabob sticks)
11 EeV=1018 eV
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Station ID Easting position X [m] Northing position Y [m] Signal [VEM] Time [ns]
150 467878.30 6087951.94 79.11 412891827
143 468632.71 6086649.48 59.13 412894155
144 469382.27 6087951.52 43.92 412889838
102 468627.23 6089249.33 22.30 412887588
149 467878.43 6085350.10 19.81 412898525
148 467132.16 6086643.91 17.85 412896183
105 470122.31 6089278.38 17.57 412885584
158 466376.12 6087945.37 9.81 412894124
138 469377.96 6090546.53 5.91 412883425
139 470131.53 6091848.80 4.37 412879462
140 470893.43 6090547.29 4.11 412881682
131 467873.99 6090554.71 3.46 412885564
151 467118.74 6089231.88 2.36 412889975
Table 1: Event measured by the Pierre Auger Observatory as obtained from the public webpages [3, 4].
Figure 3: Left: Representation of the positions of the surface detector stations hit by a shower and their
corresponding signals. The center of each circle is the position of a station while the radius of the circle
is proportional to the detected signal intensity in each station. The red-white shaded circle represents the
position of the shower core position. Right: Representation of the arrival times in each station. Larger
circles indicate later arrival times.
with their lengths proportional to the arrival time of the air shower in each station [10]. Then, a
print-out of the left panel of Figure 3 is attached to a 2 cm styrofoam. Finally, the dowels are fixed
to each station. After the sticks are fixed, it becomes apparent that they form a plane which is the
shower front. This model is illustrated in Figure 5 (left). The direction of the primary particle is the
direction perpendicular to the shower front. This could be easier demonstrated by laying a paper
or transparency on top of the sticks. Then, the student places a stick through the impact point of
the shower, which is perpendicular to the plane of the shower front. At the end, the student can
measure the angle between the perpendicular stick and the ground. This is the elevation angle. In
addition, the azimuth angle can be derived by measuring the angle between the projection of the
stick onto the ground and the East direction.
In addition, both angles can be calculated via a geometrical projection as illustrated in Figure 4.
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Figure 4: The azimuth angle φ and zenith angle θ of the direction of the incoming air shower can be derived
using these coordinate systems and the time of arrival of the signal in each water-Cherenkov detector station.
Together with the right-hand plot of Figure 3 the direction of the shower in the XY-plane can be
estimated. This exercise is an important pedagogical tool to study mathematics in three dimensions.
All stations located on a line perpendicular to the shower axis should receive a signal at the same
time. The student can compute a plane equation along the three-dimensional points. Then, a linear
equation which is perpendicular to this plane can be calculated. This line equation should cross the
impact point in the XY-plane. This can be projected into the XY-plane which allows the student
to compute the azimuth angle as the angle between the projection and the X-axis pointing East as
illustrated in Figure 4. The zenith angle will be reconstructed in the following way. The plane
representing the shower front will be simplified to a plane propagating with the speed of light c.
The incoming plane hits the first detector at a time t0. To reach the next station the shower front
has to travel the distance s, whose value will be computed from the difference in time between the
two stations:
s = c ·∆t (4.3)
Thus, the zenith angle will be evaluated with
sinθ =
c ·∆t
d
θ = arcsin
(
c ·∆t
d
)
(4.4)
Finally, the lateral distribution of the air shower will be investigated. Figure 5 (right) shows
the density of the charged particles inside the shower, as a function of distance along the shower
core. Using all public events with very high energies above 3 EeV, the students can investigate
the directions these cosmic rays come from and their distributions. They can address fundamental
questions, such as the isotropy of cosmic rays or the origin of the cosmic rays measured at the
Pierre Auger Observatory. In addition, students are able to establish the relationship between the
number of water-Cherenkov detector stations with signals and the shower energy.
5. Discussion
The Astroparticle Masterclass was first organized in 2012. Since then, the number of partici-
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Figure 5: Left: Three-dimensional model using wooden sticks to illustrate the shower front. A wooden
pick marks the position of each hit station. The lengths of the sticks represent the arrival times of the EAS
at each station. Right: The lateral shower profile of particles in an air shower with an energy of 9.66 EeV.
pating high school students has increased. Table 2 lists details on the number of events and students
that participated to date.
Year Number of events Students
2012 1 12
2013 1 60
2014 4 91
2015 (until 06/2015) 4 106
Table 2: Astroparticle Masterclasses in Germany since its development in 2012.
The topics that have been taught during the masterclass included the discovery of cosmic
rays, the standard model of particle physics, the physics of extensive air showers, and astroparticle
detectors. After the end of the activity, the students were asked to answer a short questionnaire in
order to evaluate some aspects of the activity. The focus was not on the systematic study of the
results. Only a first feedback from the students should be obtained to evaluate the impact of the
activity and to provide information on topics to be included, improved and simplified. Overall,
the results of the surveys concluded that the Astroparticle Masterclass has been a great success.
The experimental work with the data was especially met with a positive response. The requests
for activities like this is increasing. Both students and teachers show a rising interest in scientific
research and expanding their views by using interdisciplinary approaches. In addition, they get to
know research fields which are not part of the standard curriculum at high schools. Nevertheless,
the surveys show that there is still room for improvement. Sometimes, the amount of theory which
is introduced in the beginning of the activity is found rather difficult to grasp. At the same time,
practical experiments and their understanding are preferred by the students. In addition, students
would like to know how to become a scientist after finishing high school, and to get an insight into
the daily work of a researcher.
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6. Final Remarks
This proceeding presents an activity on astroparticle physics developed for high school stu-
dents, from ages 15 to 19. It can be conducted at both schools and scientific institutes. The
experiment described here allows students to reconstruct basic properties of air showers, such as
the arrival direction, using simple concepts of classical physics alongside high school mathemat-
ics. Multiple aspects from a variety of subjects can be discussed and trained. These include the
center-of-mass problem, as well as the usage of a spreadsheet program such as Microsoft Excel or
LibreOffice Calc. The received feedback from the students and teachers was very positive. They
show that this activity has the potential to motivate the participants in current research and physics.
Furthermore, students and teachers have the chance to discuss the proposed subject in a different
framework than a typical lesson at school. New activities are currently being developed to make
the project less monotonous. These include an astroparticle quiz and crossword puzzle based on
the topics learned during the day. Prizes will then be awarded to the winner and runner-up.
The authors acknowledge the support from Netzwerk Teilchenwelt, which is managed by the
Technical University Dresden under the umbrella of the German Physical Society (DPG). We also
gratefully acknowledge the financial support of the German Ministry for Education and Research
(BMBF).
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